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Abstract
Manufacturing of cutting edges in PCD cutting tool inserts (CTI) using picosecond pulsewidth laser sources is presented.
Cutting edge radii of redge = 5 to 6 μm are achieved. Validation experiments are carried out on a turning lathe using lasered 
and ground CTI on machining carbon fibre reinforced plastics (CFRP) which is mainly used for aircraft structures.
Experiments are done on fine and coarse grain PCD structures (average grain sizes are 2-4 μm and 25 μm resepectively) 
which are not economical in the latter case if manufactured conventionally, e.g. using grinding processes. Wear resistance,
tool lifetime and process forces can be improved if laser processed coarse grain cutting tools are employed.
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.)
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1. Motivation
Direct laser processing and tool manufacturing for composite material modification has drawn a lot of 
attention in the past few years. CFRP processing techniques include milling, drilling, waterjet-machining and
laser processing. Uncoated and nitride based coated carbide tools face intensive wear and show insufficient 
tool life times, although high geometrical flexibility in terms of cutting edge contour is possible (Murphy,
2002; Sun, 2002). Main machining difficulties in processing CFRP arise from defects like delamination, fiber 
pull-out, uncut fibers and thermal damages, therefore a sharp defined cutting edge is necessary for a superior 
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surface quality (Tsao, 2007; Brinksmeier, 2011; Ferreira 1999). Conventional CTI manufacturing is done by 
grinding of fine grain PCD brazed on carbide material, with average processing times below 10 minutes per 
insert. Within this process typically two diamond grains, one belonging to the tool, the other to the workpiece, 
interact with each other. The processed grain is either partially broken due to the collision with the tool grain 
or it is mechnically removed from the binding material on the tool. In contrast, laser processing can prevent 
cracking and mechnanical stress on the cutting tool surface by cutting through the individual diamond grains, 
generating a precisely defined cutting edge throughout the entire processed geometry. In this study coarse 
grain structures are evaluated and compared against identical ground and laser treated fine grain CTI, which 
have been previously studied by the authors (Dold, 2012). Conventional grinding of coarse grain PCD with 
similar processing times is expected to show large chipping sizes and strong deterioriation of the cutting edge 
compared to laser treated cutting tools. Harrison et al. presented laser processing of PCD on carbide structures 
P = 47 to 146 ns by laser cutting and laser milling strategies 
(Harrison, 2006). In this study also a theoretical model for thermal ablation of diamond is set up and 
compared against experimental results. Seven laser based cutting mechanisms are found to be applicable, 
these are vaporization cutting, fusion cutting, reactive fusion cutting, thermal stress cracking, scribing, cold 
cutting and laser assisted oxygen cutting. Here cold cutting is described as a process which employs a laser 
emitting an ultraviolet wavelength and a pulsewidth in the nanosecond time regime. Li et al. used ultrashort 
P = 300 fs on coarse grain PCD structures (average diamond grain size of 25 μm) 
to machine a micro cone with a 60° cone angle, 120 μm depth, and 400 μm diameter with high geometrical 
and surface quality characteristics (Li, 2012). Another approach of laser surface processing in terms of a 
review on laser polishing techniques using ultraviolet wavelengths in the nanosecond pulsewidth regime is 
presented by Wu et al. (Wu, 2010). Pulsed laser processing, modeling and optimization algorithms in a range 
of femto- to nanoseconds are discussed and it is found that the latter are well suitable for polishing of PCD 
structures using ultraviolet wavelength laser irradiation. 
2. Experimental setup and manufacturing process steps of the cutting edge 
Experiments are carried out on fine and coarse grain diamond PCD layers (average grain sizes are 2-4 μm 
and 25 μm respectively) on brazed carbide substrate material. The used laser system consists of a MOPA laser  
               
Fig. 1. Experimental setup. (1) laser source, (2) beam expander, (3) bending mirrors, (4) power meter, (5,6) wave retardation plates, (7) 
focus shifting unit, (8) online camera, (9) iris diaphragm, (10) 2D scanhead, (11) 5-axis CNC workpiece positioning system, (12) 3D 
measurement sensor, (13) workpiece, (14) auxiliary gas 
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Fig. 2. Laser processing steps of cutting edge generation of the used CTI. (a) new insert; (b) cut of the PCD layer at desired clearance 
angle; (c) cut of carbide substrate with identical clearance angle; (d) final insert geometry with a clearance angle of  = 7°.  
system with a pulsewidth of P = 10  = 1064 nm. The experimental setup is 
depicted in Fig 1. The laser beam is directed via multiple bending mirrors, a beam expansion unit, a set of 
wave retardation plates for polarization control, a focus shifting unit, an online camera and a two-dimensional 
scanhead. The sample is mounted on a five axis CNC-system which is equipped with multiple gas jet nozzles 
for auxiliary gases such as N2, O2 or ambient air and a three axis measurement sensor for sample alignment. 
Beam focusing on the workpiece is achieved by using a f = 163 mm F-theta lens. Sample geometries consist 
of a commercially available CTI blank which is made of a PCD layer brazed to a carbide substrate. 
Manufacturing of the tool is a two step process. Contour cutting including creation of a clearance angle, 
generation of a cutting edge and surface smoothing are the main optimization targets. CNC- and scanhead-
axes movements are not synchronized during both process steps within this study. The X- and Y-axes of the 
scanhead perform a continous hatch pattern while the CNC-axes allow for precise contour movement on the 
final geometry. Scanhead accuracy, especially over a longer time period is a few times more than the 
precision the CNC-system can achieve, which is in the range of 2 μm over all 5 CNC-axes. Especially thermal 
drift of the employed scanhead galvanometers can become problematic if very precise contour edges in the 
range of under 3 μm overall accuracy are required. Fig. 2 shows the cutting process through both materials to 
generate the final edge contour of the CTI. The cut through the material is achieved by ablation in a defined 
number of z-steps and under an inclination angle, dependent on the ablation characteristics for PCD, the 
carbide substrate and the desired clearance angle. The cut kerf width is determined by considering the total 
total = 1.6 mm. Laser processing parameters are 
shown in Table 1. Validation experiments are conducted on a turning lathe which is equipped with a three-
dimensional force sensor system to which the CTI is clamped. Therefore cutting and feed forces can be 
observed online. Comparison experiments on ground and laser treated inserts and different cut direction to 
fiber orientation angles ( ) are conducted to evaluate tool quality of the developed process. Thermally 
induced damage such as graphitization effects and subsequent influence on cutting characteristics of a highly 
abrasive material at different cutting conditions is of interest. Fig. 3 shows the cutting direction angle with  
Table 1. Used laser processing parameters to generate CTI geometry. 
Wavelength 
 
Pulsewidth 
P [ps] 
Focal spot diameter 
dfoc 
Fluence 
F [J/cm2] 
Scan speed 
vf [mm/s] 
CNC speed 
vCNC [mm/min] 
1.064,0 10 30 5.53 2.000,0 80 
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Fig. 3. Turning lathe cutting test setup. Variation of cut direction to fiber orientation angles ( )  to analyze wear characteristics of the 
laser treated and ground CTI. 
respect to . Evaluation methods for the generated cutting edges as well as the cutting results on CFRP as well 
as wear analysis on the CTI are optical 3D microscopy (Alicona Infinite Focus 3D),scanning electron 
microscopy (FEI Quanta 200 FEG)and a profilometer system (Taylor Hobson 1240 PGI). Cutting edge radii 
are furthermore evaluatedusing a robust fitting algorithm devoloped by Wyen et al. (Wyen, 2010). 
3. Results and Discussion 
The CTI are analyzed after laser processing and conventional grinding in terms of surface quality, 
clearance angle and cutting edge radius. Furthermore cutting edge quality in terms of grain breakout and 
waviness is analyzed. Edge degeneration evolution is measured by forming cast imprints of the cutting edge 
geometry after specific amounts of material are removed from the CFRP material within the turning process. 
In Fig. 4 ground and laser processed cutting edge geometries are shown as SEM micrographs. On fine and 
coarse grain structures, grinding leads to broken out grains generating holes in the cutting edge on a scale of 
about half the grain size. Laser treated cutting edges do not show this effect, diamond grains are cleanly cut 
and a defined and homogenous cutting edge can be observed. Since cutting edge radii are in the range of 
5 < redge < 8μm, on fine grain structures, these voids are smaller than 2 μm. Therefore, these voids do not 
significantly affect the cutting properties of the cutting edge in the subsequent turning process. If the grain 
size is increased to an average of 25 μm the voids are much larger than the cutting edge radius which prevents  
 
       
Fig. 4. SEM micrographs of new ground and laser treated cutting edges on fine grain (a,b) and coarse grain (c,d) PCD. (a) and (c) is 
ground, (b) and (d) is laser treated. Grain break outs with an average size of half the grain size on ground cutting edges can be clearly 
seen. Laser treated cutting edges show a clean cut.  
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Fig. 5. Turning lathe experiments. Ground (G) and laser treated (L) fine (FG) and coarse grain (CG) experiments with respect to different 
fiber orientation to cut direction angles ( ). (a) Cutting force and (b) feed force comparison for  = 30°, 90° and 150°. 
a fine cutting edge radius on ground indexable inserts. Clearance angle tolerances are in the range of 
 = ± .05° on laser processed CTI. Total processing times of ground inserts is about tG = 8 minutes and for 
laser treated inserts about tL = 6.5 minutes. The graphs in Fig. 5 show force measurements which are recorded 
on turning CFRP material with different fiber orientation angles relative to the direction of cut. Ground and 
laser treated fine and coarse grain CTI are analyzed with respect to cutting and feed forces. Cutting forces are 
significantly lower for  = 150° and either lower or equal to all other samples at  = 30° and 90° for laser 
processed coarse grain CTI. Similar behavior can be seen when feed forces are plotted against specific 
material removal rates. At  = 150° coarse grain laser processed tools require the least feed force, at  = 90° 
ground and laser treated coarse grain feed forces are equal and at  = 30° laser treated coarse grain feed forces 
are initially higher but a decrease throughout the process to lower cutting forces than the ground sample can 
be observed. A strong improvement with regard to feed forces between fine and coarse grain laser treated  
 
Fig. 6. Cutting edge radius results of fine and coarse grain laser treated and ground CTI  new and after a specific material removal rate of 
V w = 47.124,0 mm3/mm  = cut direction to fiber orientation 
angle. A strong deterioriation dependence of the cutting edge on q can be observed.  
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cutting tools can also be seen. The fine grain feed force results at  = 30° and 90° are generally higher than all 
other force values. This behavior could be improved into mostly lower values over all different experiments 
using coarse grain lasered tools. In terms of cutting edge radii the dependence of  can be clearly seen in the 
case of  = 150°. Here all processed samples show a slight cutting edge radius increase in the range of 
edge = 2 to 4 μm. Cutting edge radius measurements over all samples are shown in Fig. 6. As shown in 
Fig. 3 (c) CFRP fibers are oriented against the rake face of the CTI. In the case of  = 30° and 90° fibers are 
either parallel to the rake face or in the direction of cut. The CFRP fibers are in the latter two cases 
compressed in the direction of cut due to an elastic initial contact before the actual cut takes place. The cut 
fibers are removed and the remaining fiber conducts a relaxation movement back into its original position. 
Throughout this movement the fibers remain in contact with the cutting edge. Therefore, a much higher 
degradation on the cutting edge on the used cutting tools can be observed independent of the grain size or the 
initial tool manufacturing strategy. In the case of  = 30° and 90° all cutting edge radii are in a similar range 
of 29 μm < redge < 37 μm. Due to the rapid degradation of the CFRP material a clear process improvement 
using laser treated compared to ground coarse grain cutting tools cannot generally be proven, but equal to 
slightly better quality characteristics can be assumed. Therefore it is concluded that process relevant thermal 
damage, in form of graphitization effects, on laser treated PCD tools is inexistent.  
4. Conclusions and Outlook 
Laser processing P = 10 ps on fine and coarse grain PCD brazed 
carbide cutting tools can be done without significant material damage in terms of thermal heat input. Cutting 
edge radii for coarse grain laser treated CTI are in the range of 4 < redge < 8 μm. Processing times are slightly 
better when using laser rather than grinding processing in cutting edge generation. Cutting edge quality in 
terms of grain break outs on ground tools is in a range of 1 to 2 μm for fine grain and 10 to 13 μm for coarse 
grain CTI compared to laser processed tools with a continuous cutting edge. On validation experiments on a 
turning lathe using ground and laser treated coarse and fine grain PCD on carbide CTI cutting edge radii after 
w = 47.124,0 mm3/mm are in the range of redge = 10, 29 and 34 μm in the case 
of laser treated CTI for fiber orientation angles = 150°, 30° and 90° respectively. With respect to process 
forces coarse grain laser treated cutting tools exhibit slightly better or at least equal results than ground cutting 
tools. In terms of cutting forces these lower force values are shown in the case of a fiber orientation angle 
relative to the cutting direction  = 150°, with respect to feed forces this holds true at all analyzed angles. 
Processing times have been kept equal in both ground and laser manufactured CTI. If the planned production 
process would require low edge waviness and avoidance of grain break outs on coarse grain PCD, then this 
would result in a large increase in processing time in the case grinding. Laser processed tools do not have any 
processing speed dependency on cut contour, depth of cut or grain break out occurence. In further 
investigations tool lifetime as well as workpiece surface roughness analysis is planned. Furthermore a 
comparison study of PCD and chemical vapor deposited diamond (CVD-D) plated CTI is also planned. 
Process speed improvements of the first laser contour cut without tight tolerance boundaries as in the 
secondary final cut while keeping final edge contour accuracy and surface roughness values at equal values 
are also in planning.  
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